A retrospective, space-time study of whooping cough cases reported to the Public Health Agency of Barcelona, Spain between the years 2000 and 2011 is presented. It is based on 633 individual whooping cough cases and the 2006 population census from the Spanish National Statistics Institute, stratified by age and sex at the census tract level. Cluster identification was attempted using space-time scan statistic assuming a Poisson distribution and restricting temporal extent to 7 days and spatial distance to 500 m. Statistical calculations were performed with Stata 11 and SatScan and mapping was performed with ArcGis 10.0. Only clusters showing statistical significance (P <0.05) were mapped. The most likely cluster identified included five census tracts located in three neighbourhoods in central Barcelona during the week from 17 to 23 August 2011. This cluster included five cases compared with the expected level of 0.0021 (relative risk = 2436, P <0.001). In addition, 11 secondary significant space-time clusters were detected with secondary clusters occurring at different times and localizations. Spatial statistics is felt to be useful by complementing epidemiological surveillance systems through visualizing excess in the number of cases in space and time and thus increase the possibility of identifying outbreaks not reported by the surveillance system.
Introduction
Whooping cough remains a public health problem worldwide, clearly reflected in the increasing number of cases reported to the World Health Organization (WHO) in 2001. Western Pacific, Southeast Asia and Africa are the regions with the largest overall number of cases (Tan et al., 2005) . This situation has resulted in the creation of the Global Pertussis Initiative (GPI), an expert forum aiming to raise awareness about whooping cough and recommend effective vaccination strategies geared towards the control of the disease (Guiso et al., 2011a) . The GPI initiative involves representatives from 21 countries in Africa, the Middle East, Southeast Asia as well as Central and Eastern Europe, (Guiso, 2009; Beltran et al., 2011; Guiso et al., 2011a) .
In the period 1998-2002, in 12 out of 16 European countries with whooping cough surveillance systems, the surveillance systems comprised the general population. In 10 countries (Austria, Denmark, France, Germany, Greece, Norway, Portugal, Spain, Sweden and the Netherlands), they were based on the WHO case definition of the disease. Eleven countries applied laboratory tests, and eight of them used the polymerase chain reaction (PCR) for case confirmation (Tozzi et al., 2007) . Hospitalization rates in children up to 1 year of age ranged between 33.1% and 100%, the highest numbers reported from France (76.1%); United Kingdom, except Scotland (68.6%) and Portugal (53.2%) (Tozzi et al., 2007) . The case fatality rate in this age group ranged between 0 and 2.1% of the total population, the latter in Portugal (Tozzi et al., 2007) .
The number of cases in England and Wales reached 1,781 by late May 2012, compared with a total of 1,118 cases in 2011. In Sweden, a total of 4,992 cases were reported for the period 2002-2006 with the annual incidence decreasing from 70 cases per 100,000 inhabitants in 1992 to 40 per 100,000 inhabitants in 2006 (Wymann et al., 2011; Kmietowicz, 2012) . In the late 1970s and early 1980s, Spain and Italy reported an incidence rate between 10 and 100 cases per 100,000 inhabitants (Galazka, 1992) . In Germany, the annual number of pertussis infections could have exceeded 10,000 in that period, thus producing an incidence rate above 20 cases per 100,000 inhabitants (Galazka, 1992) . In Russia, the incidence rate during 1988-1991 ranged between 17 and 24 per 100,000 inhabitants (Galazka, 1992) .
Vaccination coverage in Spain increased progressively according to the National Centre for Epidemiology 1 (the Carlos III Health Institute, Madrid) and remained above 90% since 1996 and over 95% since 2011. In that year, the national coverage was 97.0% for the primary series of vaccination (three doses in children <1 year of age) and 94.1% for receiving a booster dose in the second year of life. Since 1996, incidence rates have been on a downward trend but outbreaks are still being reported among children and adolescents with rates between 21.8% and 26.7%, and an increase in the number of infections in people aged ≥35 years (Torres et al., 2011) . The vaccines used were either from GlaxoSmithKline Biologicals or Sanofi-Pasteur-MSD.
Cluster detection is a technique of great interest to epidemiologists and has been used for decades for effective disease management. During the last decade, space-time cluster detection in the health field has been particularly strong, e.g. for the evaluation of infectious diseases such as tuberculosis (Nunes, 2007) , malaria (Magalhaes and Clements, 2011) , West Nile virus (Winters et al., 2010) , schistosomiasis (Clements et al., 2009) , H5N1 avian flu (Souris et al., 2010) and hepatitis A (Gomez-Barroso et al., 2011), among others. Detection methods for space-time clusters refer to the identification of a higher density of event occurrences in certain places at certain times, a dynamic technique essential for the determination of when, where and to what degree a disease is present (Galazka, 1992; Garcia-Corbeira et al., 2000; Dominguez et al., 2001; ez-Domingo et al., 2004; Dempsey et al., 2009) . The aim of this study was to identify space-time whooping cough clusters at the census tract level during the period 2000-2011 in Barcelona.
Materials and methods

Study area and data source
The study covered the Spanish city of Barcelona, which is the capital of the Catalonia Autonomous Community as well as the Barcelona Province. It is located on the Mediterranean coast of the Iberian Peninsula and has a population of 1,615,448 inhabitants (2011) and is the second largest city in Spain. According to the Barcelona City Council Statistics Department, the city consists of 10 municipal districts, 73 neighbourhoods and 1,061 census tracts. For this study we used the individual whooping cough cases reported to the Public Health Agency of Barcelona (ASPB) in the period of 2000-2011 and we used the 2006 population census from the National Statistics Institute (INE), stratified by age and sex at the census tract level.
Space-time analysis
We analysed potential spatio-temporal clusters using the space-time estimator scan statistic developed by Kulldorff et al. (1997) assuming a Poisson distribution and adjusting for sex and age. The estimator consisted of an imaginary "cylinder" with the base representing space and the height time. The spatial window was restricted to a maximum radius of 500 m and the temporal window limited to 7 days. The entire study area was swept with the base centred on many possible centroids located throughout the territory. During this investigation, the centroid radius size varied from 0 to 500 m and the height from 0 to 7 days generating an infinite number of cylindrical windows of different sizes and shapes that intersected each other. In this way the entire study territory was eventually covered with each cylinder reflecting a possible cluster.
We tested the hypothesis that the risk was constant in space and time (the null hypothesis) with the hypothesis that the risk was different inside and outside for at least one cylinder (the alternative hypotheses). We recorded the number of observed cases inside and outside for each cylinder along with the number of expected cases according to the model, thus reflecting the population at risk or relative risk (RR). Seen in this way, the cluster with the highest likelihood is the most probable one (Kulldorff et al., 1997) . We used the formula below to calculate the likelihood within each circle:
where C is the total case number of cases, c the observed cases within the window and E[c] the adjusted covariate of the expected cases within each window under the null hypothesis. I() is an indicator function that equals 1 when the window has more 
cases than expected under the null hypothesis; otherwise it equals 0. We evaluated the observed increase in cases over the expected number with Monte Carlo test simulations (999 iterations) using a 95% confidence interval. The statistical analysis was performed by SaTScan and Stata version 11 (Kulldorff and Nagarwalla, 1995; Kulldorff et al., 2007; Commenges and Liquet, 2008; Cook et al., 2010) . Maps were made with ArcGis, version 10.0 (ESRI; Redlands, USA).
Results
Cases reported
In the period under review, 633 whooping cough cases were reported together with individual epidemiological information to the ASPB. Of these, 89.6% were under 14 years of age; especially many were children 1 year old (59.8%) and there was a peak in the children 0-4 year old. Fig. 1 shows the annual case reporting rate by municipal district. In districts with lower number of cases, the temporal pattern appeared stable. From 2007 and up to 2011, all municipalities in Barcelona reported cases of pertussis. The annual distribution of cases by age group (Fig. 2) shows that the highest incidence occurred in the 0-4 age group in each study year. Between 2004 and 2011 there was an increase in the number of cases in all age groups.
Cluster identification
During the study period, we detected 12 significant clusters, which are shown in Fig. 3 and Table 1 . The most likely cluster (red in Fig. 3 ) occurred in the week of 17-23 August 2011 and comprises five census tracts located in three neighbourhoods of central Barcelona (Vila de Gàcia, Sagrada Família and La Salut). It included five cases whereas 0.0021 cases were expected (RR = 2,436). As far as we know, it was not officially declared an outbreak.
Secondary clusters (blue on the map in Fig. 3 ) were located at Sant Antoni and Sagrada Família neighbourhoods (from the l'Eixample municipal district); El Baix Guinardó neighbourhood (from the HortaGuinardó municipal district); El Coll, Camp d'en Grassot and Gràcia Nova neighbourhoods (from the Gràcia district); El Turó de la Peira neighbourhood (from the Nou Barris district); and Sants, Sants-Badal and Hostafrancs neighbourhoods (from the SantMontjuïic district). Secondary cluster number 4 was geographically larger. It included 25 census tracts and was declared an outbreak. Overall, we observed 11 statistically significant, secondary clusters, most of which appeared during the summer months.
Discussion
This study represents the first analysis of the spacetime whooping cough clusters in the city of Barcelona. Although there are studies related to exemption requirements from immunization in school children and their associations with geographic clustering of infection (Crespo et al., 2011) , no other study in Spain has focused on the detection of whooping cough clusters.
Between 2000 and 2011, the official rate of reported whooping cough cases from the districts of L'Exaimple, Sants-Montjuïc, Sant Andreu, HortaGuinardó, Sant Martí and Nou Barris was higher than than that of any other district in Barcelona. Although a clear association between this result and the epi- demiological surveillance in each district cannot be established, we note that these parts of the city are among the most populated ones.
The main cluster included five census tracts in central Barcelona and comprised some of the most densely populated neighbourhoods. According to information from the Spanish Statistical Institute of Catalonia, La Vila de Gràcia (belonging to the Gràcia municipal district) the proportion of children aged <4 years in 2011 was 10.5%, that of the 15-24 age group 27.3% and among adults 62.2%. More than half the population (53%) had been born and grown up in this area with a density of 38.4 inhabitants/km 2 and a weekly per capita family income of € 102.8. La Salut (also belonging to Gràcia municipal district) had a similar pattern: 11.5% children, 31.6% of the 15-24 age group and 56.9% adults. The indigenous part of the population was the same (53%) with a density of 20.5 inhabitants/km 2 and a per capita family income of € 111.7 per week. In 2010, in neighbourhoods Sagrada Família and El Poblet in the L'Eixample municipal district there were 10.2% children, 30.5% 15-24 year olds and 59.3% adults, the indigenous population making up 51.6% of the total population. The density was 49.4 inhabitants/km 2 with a per capita family income of € 97.3 per week. Although the role played by population density, migration and income was not investigated, it is quite clear that low income and living in close quarters contribute to increased transmission and susceptibility not only to pertussis but also other infectious diseases. Whooping cough is characteristically underreported and is probably under-diagnosed in daily clinical practice and at primary-care centres because it is believed to have been more or less eliminated. It is therefore necessary to intensify work on strengthening the existing reporting system with respect to data quality. This could be achieved by implementing a sentinel network of paediatricians and primary-care physicians that could act on the underreporting issue. It is estimated that between 47% and 80% among adults with whooping cough are misdiagnosed due to presenting with only mild clinical symptoms making it necessary to establish a proper differential diagnosis with other upper respiratory tract diseases and other sometimes forgotten, clinically similar infections (Moretti et al., 2000; Guinto-Ocampo et al., 2008; Dempsey et al., 2009) . Serology would contribute to a correct diagnosis. For example, studies conducted in other parts of Spain on vaccination coverage and outbreaks among children, adolescents and adults, specifically in Catalonia and Valencia, have approached the problem by assessing the prevalence of IgG antibodies against pertussis toxin to estimate the annual burden of whooping cough hospitalizations (Montiano Jorge et al., 1992; Diez-Domingo et al., 2004) .
We found the highest incidence rates in children aged <4 years (Fig. 2) . A similar pattern is seen in several countries in central and Eastern Europe, where the high vaccination coverage in children has made the distribution of cases appear to have been moved from young children to adolescents and adults. The most likely explanation for this is loss of immunity in the older age groups, who then transmit the infection. Supporting facts are common misdiagnosis of coughing, particularly in older patients and although acellular vaccines are available in the private market, follow-up booster vaccination after childhood is not mandatory (Lutsar et al., 2009; Guiso et al., 2011a) . Indeed, our study observed that there was a relatively high rate of infection among adults with the proportion of adults (here presented as those older than 20 year) generally next in numbers after the 0-4 age group (Fig. 2) . This fact is important for the possible design of more effective vaccination schedules and quantification of the dependent relationship between age and number of infected cases reported. This strategy has already been put in place in some other European countries, e.g. the Netherlands and the Czech Republic, where a high rate of infection in older people has been observed (de Melker et al., 2006; Guiso et al., 2011a Guiso et al., , 2011b .
The method introduced by Kulldorff et al. (2007) , which is commonly used for spatio-temporal cluster analysis, has several advantages: it conforms to the population density and confounding variables such as age and sex, and there is no pre-selection bias because groups are searched without prior assumptions about their location period, size or time. This statistical method takes into account multiple testing; allowing us to obtain a single P-value, and it locates and specifies the occurrence of the cluster dates. Cases from clusters 1 and 4 were reported in 2011 by the end of May, and although cluster 4 was reported as outbreak, there was no evidence that the most likely cluster was as well. The scan method is able to detect as clusters those outbreaks that have been notified and also identify other clusters that have not been declared and should be investigated.
This technique has been applied to other diseases not analysed in this study. For example, Nunes (2007) used these techniques to analyse the incidence of tuberculosis in Portugal, while Odoi et al. (2004) investigated timespace cluster of giardiasis in Canada. Sugumaran et al. (2009) conducted a space-time study for the West Nile Virus using this methodology and Gómez-Barroso et al. (2012) investigated a time-space cluster of hepatitis A in Spain using scan method. These methods may also have the potential to detect clusters of new or emerging disease. However, not all clusters detected using statistical analysis will represent real outbreaks and further epidemiological investigation is required to determine whether these statistical clusters represent real outbreaks (Hyder et al., 2011) .
Conclusion
Communicable diseases, such as whooping cough, often spread in unforeseen ways and cannot always be controlled by reviewing control measures and preventive immunization programmes. Space-time exploration enhances effectiveness by swiftly directing control measures to specific areas, thus contributing to the assessment of health programmes related to the event. We propose implementation of this analysis methodology for future studies of other diseases and its routine use in epidemiological surveillance systems.
